t(17;19)-acute lymphoblastic leukemia (ALL) shows extremely poor prognosis. E2A-HLF derived from t(17;19) blocks apoptosis induced by the intrinsic mitochondrial pathway and has a central role in leukemogenesis and chemoresistance. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is expressed on cytotoxic T cells and natural killer cells and binds with death receptors (DR4/DR5), inducing apoptosis by dual activation of intrinsic and extrinsic pathways, and TRAIL mediates the graft-versusleukemia (GVL) effect after allogeneic stem cell transplantation (allo-SCT). We found that cell lines and patients' samples of t(17;19)-ALL expressed death receptors for TRAIL, and recombinant soluble TRAIL immediately induced apoptosis into t(17;19)-ALL cell lines. E2A-HLF induced gene expression of DR4/DR5, which was dependent on the DNA-binding and transactivation activities of E2A-HLF through the 5 0 upstream region of the start site at least in the DR4 gene. Introduction of E2A-HLF into non-t(17;19)-ALL cell line upregulated DR4 and DR5 expression, and sensitized to proapoptotic activity of recombinant soluble TRAIL. Finally, a newly diagnosed t(17;19)-ALL patient underwent allo-SCT immediately after induction of first complete remission, and the patient has survived without relapse for over 3-1/2 years after allo-SCT. These findings suggest that E2A-HLF sensitizes t
INTRODUCTION
The graft-versus-leukemia (GVL) effect after allogeneic stem cell transplantation (allo-SCT) is mediated by cytotoxic factors on cytotoxic T cells and natural killer cells 1 and is a critical response for curing patients with leukemia. It was previously demonstrated that death receptor ligands including Fas ligand (FasL) 2, 3 and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 4, 5 have an important role in cytotoxic T-cell-and natural killer cellmediated antitumor immunity. TRAIL induces apoptosis in a variety of tumor cells 6 upon binding with its death-inducing receptors, DR4 (ref. 7) and DR5. 8 In contrast, DcR1 (refs 8,9) and DcR2 (ref. 10) lack a functional death domain and compete with DR4 and DR5 for TRAIL binding as 'decoy receptors'. The binding of TRAIL to deathinducing receptors induces the formation of a death-inducing signaling complex that includes death receptors, adaptor proteins and procaspase-8. 11, 12 Activation of procaspase-8 mediated through an autocatalytic mechanism cleaves procaspase-3 and thereby activates the extrinsic pathway. Simultaneously, caspase-8 cleaves Bid, thereby activating the intrinsic mitochondrial pathway. Owing to activation of these dual proapoptotic pathways, TRAIL effectively induces apoptosis of tumor cells and seems to be a promising candidate for cancer treatment.
The potential of TRAIL as an anticancer agent is supported by studies in animal models showing selective toxicity to human tumor xenografts but not normal tissues. 13, 14 Moreover, in bone marrow transplantation models using TRAIL-deficient mice, TRAIL was required for optimal graft-versus-tumor activity by donor T cells, whereas it had little or no role in the development of graft-versus-host disease. 6 We previously demonstrated that Philadelphia chromosome (Ph1)-positive leukemia cells, which have been reported to be clinically sensitive to the GVL effect, 15, 16 frequently express DR4 and/or DR5 and are sensitive to the antileukemic activity of recombinant human soluble (rhs) TRAIL. 17 In contrast, mixed-lineage leukemia (MLL)-rearranged leukemia cells, which have been reported to be rather clinically resistant to the GVL effect, 18 generally express very low or undetectable levels of DR4 and DR5 and are resistant to rhsTRAIL. 19 Accordingly, DR4 and DR5 expression could be one of the critical factors in the susceptibility of leukemia cells to TRAIL and consequently to the GVL effect.
t(17;19)(q21-q22;p13) is a relatively rare translocation present in o1% of childhood acute lymphoblastic leukemia (ALL) cases, abnormalities 24, 25 have been noted. 26 The E2A-HLF fusion gene generated by t(17;19)(q21-q22;p13) encodes a chimeric protein in which the transactivation domain of E2A links to the basic leucinezipper dimerization and DNA-binding domain of HLF. 27, 28 As a result, E2A-HLF binds to a consensus sequence of nucleotides (HLF-CS; 5 0 -GTTACGTAAT-3 0 ) as a dimer and transactivates downstream target genes. [28] [29] [30] E2A-HLF promotes anchorageindependent growth of murine fibroblasts 31 and protects cells from apoptosis due to growth factor deprivation [32] [33] [34] and p53 activation. 35 Although recent chemotherapeutic regimens have remarkably improved the long-term outcome of ALL in childhood and adolescence, the prognosis of t(17;19)-ALL still remains extremely poor. 23 Among 14 cases treated with chemotherapy, 13 cases relapsed or died within 2 years from diagnosis with the median period of the first complete remission (CR) being 9 months. 23 In contrast, one reported patient who underwent allogeneic bone marrow transplantation during the first CR exceptionally maintained CR for over 3 years, 36 suggesting that allo-SCT performed early in the first CR would prolong the diseasefree survival of t(17;19)-ALL patients even if they are not cured. Therefore, to address the clinical importance of allo-SCT for improving the prognosis of t(17;19)-ALL, it is urgent to confirm whether t(17;19)-ALL cells are sensitive to cytotoxic ligands.
In the present study, we found that t(17;19)-ALL cells expressed high levels of DR4 and DR5 and showed remarkably high sensitivity to the cytotoxic activity of rhsTRAIL. Of note, E2A-HLF induced gene and cell surface expression of DR4 and DR5, resulting in the sensitization of non-t(17;19) ALL cell line to the antileukemic activity of rhsTRAIL. These observations indicate that E2A-HLF directly induces expression of DR4/DR5 and sensitizes leukemia cells to the antileukemic activity of TRAIL.
MATERIALS AND METHODS

Leukemia cell lines and patients' samples
Four t(17;19)-ALL cell lines, 21, 22 UOC-B1, HAL-O1, YCUB-2 and Endo-kun, were used in this study. MLOT4 was used as a control for FasL sensitivity. A total of 9 MLL-rearranged ALL (MLL þ ALL) cell lines (KOPN1, KOPB26, KOCL33, -44, -45, -50, -51, -58 and -69), 19 6 Ph1-positive ALL cell lines (KOPN30bi, -57bi, -66bi, -72bi, YAMN73 and -91) 17 4 cells/well) were cultured in triplicate in a flat-bottomed 96-well plate. The plates were incubated for the indicated periods of time, pulsed for the last 6 h of the incubation with 3 H-thymidine (1 m Ci/well) and harvested onto glass-fiber filters. The level of radioactivity incorporated into DNA was measured by liquid scintillation counting. The effect of rhsTRAIL or rhsFasL was determined in a 42-hour incubation in the absence or presence of rhsTRAIL or rhsFasL (11, 33 , 100 ng/ml). The % inhibition by TRAIL or FasL was calculated as follows: (1 À ((cpm of treated well)/(cpm of untreated well))) Â 100. RIK-2 (10 mg/ml), a neutralizing anti-TRAIL monoclonal antibody (mAb) 17 and z-VAD-fmk (20 mM), a caspase inhibitor with broad spectrum (Enzyme Systems Products, Livermore, CA, USA), were used to block the activity of rhsTRAIL and caspases, respectively. To detect the early apoptotic event, cells (4 Â 10 5 cells/ml) were cultured in the absence or presence of rhsTRAIL (100 ng/ml) for 12 h, stained with fluorescein isothiocyanate-conjugated Annexin-V (MBL, Nagoya, Japan) and analyzed by flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA). Viability of the primary samples was determined by staining with trypan blue. 37 The D viability (%) of samples from the patients with Ph1-positive ALL, MLL þ ALL, T-ALL or T-non-Hodgkin lymphoma, calculated as: (% viability in the absence of rhsTRAIL) À (% viability in the presence of rhsTRAIL), was determined when percent viability of background was 460%. 37 
Immunoblot analysis
Cell lysates were prepared in Nonidet P-40 (50 mM Tris-HCL, pH 7.5, 150 mM NaCl, 1.0% Nonidet P-40, 5 mM EDTA, 0.05% NaN3, 1 mM phenylmethylsulfonyl fluoride, 100 mM sodium vanadate). Total cellular proteins were separated on a SDS-polyacrylamide gel electrophoresis under reducing conditions and then transferred to polyvinyl difluoride membranes. After blocking with 5% non-fat dry milk in 0.05% Tween-20 Tris-buffered saline, membranes were incubated with the primary antibodies in 5% milk in Trisbuffered saline at 4 1C overnight. MAbs against human PARP and caspase-3 were purchased from BD Transduction Laboratories (Lexington, KY, USA) and mAb against caspase-8 from MBL. Rabbit antisera against human E2A and HLF(c) were established as previously reported 29 and antiserum against Bid was purchased from Cell Signaling Technology (Beverly, MA, USA). Membranes were incubated with horseradish peroxidase-conjugated goat anti-mouse or rabbit IgG (1:1000 dilution; MBL) for 1 h and were then developed using an enhanced chemiluminescence kit (Amersham Pharmacia Biotec, Buckinghamshire, UK).
Cell surface expression of TRAIL receptors
MAbs specific for DR4, DR5, DcR1 or DcR2 were originally generated as previously reported. 17, 19 A total of 1 Â 10 6 cells were incubated with 1 mg of biotinylated control mouse IgG1 or mAb on ice for 30 min. After washing, the cells were incubated with phycoerythrin-conjugated streptavidin (Biomeda, Foster City, CA, USA) on ice for 30 min and then analyzed by flow cytometry. Relative fluorescence intensities (RFIs) were calculated as the ratio of the mean fluorescence intensity of specific staining to that of control staining.
Real-time PCR analysis
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed with random hexamer (Amersham Bioscience, Uppsala, Sweden) and Superscript II reverse transcriptase (Invitrogen) and the product was then incubated with 1 ml of RNase (Invitrogen) at 37 1C for 20 min. For quantitative real-time PCR of DR4 and DR5 transcripts, triplicated samples containing 9 ml of cDNA with 10 ml of Taqman Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and 1 ml of 20Â Assays-on-demand Gene Expression Product (DR4; Hs 00269492_m1, DR5; Hs 00366272_m1, Applied Biosystems) were preincubated at 50 1C for 2 min and subsequently at 95 1C for 10 min. 37 Amplification was performed by 40 cycles of reaction at 95 1C for 15 s and 60 1C for 1 min. Fluorescence data were quantitatively analyzed on an ABI Prism 7500 Sequence Detection System (Applied Biosystems). Nalm1, a TRAIL-sensitive CML-BC-derived cell line that expresses DR4 and DR5, 17 was used as a control. As an internal control, quantitative real-time PCR for GAPDH (Hs 99999905_m1, Applied Biosystems) was performed.
Construction of eukaryotic expression vectors and transfection
Expression plasmids containing wild-type and mutated E2A-HLF cDNA were constructed with the pMT-CB6 þ eukaryotic expression vector (a gift from F Rauscher III, Wistar Institute, Philadelphia, PA, USA).
32 DAD1/DLH mutant lacks both of the two transactivation domains of E2A, whereas basic lesion mutant (BX) contains substitutions of six critical basic amino acids in the DNA-binding portion of the HLF bZIP domain as previously reported. 32, 33 Transfectants of 697 cell line were generated by electroporation with a gene pulser (Bio-Rad, Hercules, CA, USA) 31, 33 and selected in the presence of the neomycin analog G418 for 4 weeks. The induction of protein expression in G418-resistant cells was confirmed by immunoblot analysis of cells cultured in the presence of zinc (ZnSO 4 ) at 100 mM, and several independent clones expressing the expected protein at comparable levels were selected for further experiments. Transfectants or wild type of 697 cells were preincubated with a proteasome inhibitor N-acetyl-Leu-Leu-norLeu-al (LLnL) (Sigma-Aldrich, Tokyo, Japan) 17 at a concentration of 2.5 mM for 3 h. To determine the susceptibilities to rhsTRAIL, transfectants or wild type of 697 cells preincubated with or without zinc at 100 mM for 24 h were cultured in the absence or presence of rhsTRAIL (3.3 or 10 ng/ml) for 12 h and induction of cell death was monitored by flow cytometry using the propidium iodide (PI) and Annexin-V double staining. Lysates from UOC-B1 and Endo-kun treated with 100 ng/ml of rhsTRAIL for indicated periods were analyzed by western blot using antibodies against caspase-8, caspase-3, Bid, PARP and tubulin.
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Reporter assays À 820/ À 2 (DR4pro) and À 820/ þ 620 (DR4int1) fragments of the DR4 gene generated by PCR using genomic DNA of UOC-B1 cells as a template were cloned into the pGL3 basic vector (Promega, Madison, WI, USA) and subjected to nucleotide sequence analysis. The SacI/NcoI (DR5pro) and PstI/MluI (DR5int1) fragments of the DR5 gene were cloned into the pGL3 basic vector (a gift from T Sakai, Kyoto Prefectural University of Medicine, Japan). 38 The PstI/MluI fragment with mutated nuclear factor-kappaB (NF-kB) site (DR5int1mNF; 5 0 -ggaGGGAATTCCCgag-3 0 was mutated as 5 0 -ggaTTTAATTCCCgag-3 0 ) was generated by PCR mutagenesis (underlined sequences indicate the mutated nucleotids). pRL-TK vector (Promega) was used as parameters for transfection efficiency. For transfection, cells (5 Â 10 5 cells/well) were plated in a 24-well plate and 5 mg of luciferase reporter plasmid, 1 mg of pRL-TK and 2 ml of lipofectamine (Invitrogen) in 50 ml of serum-free medium (Opti-MEM I, Invitrogen) were mixed and added to the cells. In some experiments, 0.1 or 0.2 mg of RC/RSV expression vector (Invitrogen) in which E2A-HLF cDNA had been subcloned, was cotransfected. Cells were harvested 48 h after transfection, and the activities of firefly and Renilla luciferases in each lysate were measured sequentially using the Dual-Luciferase reporter assay system (Promega).
Electrophoretic mobility shift assay Nuclear extract of UOC-B1 cells was prepared and binding reactions was performed as previously reported. 29 Briefly, a 32 P-end-labeled oligonucleotide probe containing the HLF-binding site sequence (HLF-CS probe; 5 0 -GCTACATATTACGTAATAAGCGTT-3 0 ) was incubated in 10 ml of binding buffer and 5 ml of nuclear lysates in the presence of 1 mg of shared calf thymus DNA as carriers (underlined sequence indicates the position of HLF-CS). In the competitive inhibition experiments, nuclear lysates were preincubated with excess of unlabeled oligonucleotides.
RESULTS
Sensitivity of t(17;19)-ALL cells to TRAIL
As clinical observation suggested that t(17;19)-ALL cells might be sensitive to the antileukemic activities of cytotoxic factors that mediate the GVL effect, we examined the susceptibilities of four t(17;19)-ALL cell lines, whose expression of E2A-HLF was shown in Supplementary Figure 1 , to rhsTRAIL and rhsFasL by 3 H-thymidine uptake assay (Figure 1a) . rhsTRAIL markedly inhibited cell growth in a dose-dependent manner, and the % inhibition upon incubation with 100 ng/ml of rhsTRAIL was nearly 100% in all four t(17;19)-ALL cell lines. In contrast, t(17;19)-ALL cells were relatively resistant to rhsFasL (Figure 1a) : the % inhibition upon incubation with 100 ng/ml of rhsFasL was o50% in three of the four cell lines and median % inhibition was approximately 30%. When compared with various B-precursor ALL cell lines (Figure 1b) , the % inhibition upon incubation with 100 ng/ml of rhsTRAIL in 4 t(17;19)-ALL cell lines (median 100%) was significantly higher than that in 9 MLL þ ALL cell lines (median 5%, P ¼ 0.0055), 19 6 Ph1-positive ALL cell lines (median 50%, P ¼ 0.0142) 17 and 13 other B-precursor ALL cell lines (median 25%, P ¼ 0.0362) by the Mann-Whitney test. The antileukemic activity of TRAIL was specific and dependent on the activation of caspases, as RIK-2, a neutralizing antibody against TRAIL 17 and z-VAD-fmk, a broad caspase inhibitor, almost completely blocked the activity of rhsTRAIL (Figure 1c ). Upon 12-hour incubation with rhsTRAIL (100 ng/ml), YCUB-2 cells underwent Annexin-V-binding/PI staining-double-positive cell death and the other three cell lines underwent apoptotic cell death positive for Annexin-V-binding ( Figure 1d ). As ligation of death receptors by TRAIL induces autoproteolytic activation of caspase-3 both directly through activation of caspase-8 (extrinsic pathway) and indirectly through activation of Bid (intrinsic mitochondrial pathway), 11, 12 we subjected t(17;19)-ALL cell lines (UOC-B1 and Endo-kun) treated with rhsTRAIL to immunoblot analysis of caspases-8 and -3, Bid and PARP, a substrate of caspase-3. These molecules were processed within 2 h after rhsTRAIL treatment (Figure 1e ).
Expression of TRAIL receptors on t(17;19)-ALL cells
To verify that the antileukemic activity of TRAIL against t(17;19)-ALL cells is mediated by expression of death receptors, we analyzed cell surface expression of TRAIL receptors by flow cytometry using specific mAbs for each receptor. 17, 19, 37 Cell surface expression of DR4 and DR5 was clearly detectable on all four t(17;19)-ALL cell lines except for HAL-O1, which showed marginal expression of DR4, whereas that of DcR1 and DcR2 was almost undetectable (Figure 2a ). Strong correlations were observed between the sensitivity of a cell line to rhsTRAIL and its cell surface expression of DR4 (r ¼ 0.666, Po0.0001) and DR5 (r ¼ 0.539, P ¼ 0.0012) (Figure 2b and Supplemental Figure 2 ). When compared with various B-precursor ALL cell lines (Figure 2c ), the RFI of DR4 on t(17;19)-ALL cell lines (median 1.9) was significantly higher than that on MLL þ (median 1.0, P ¼ 0.0055), Ph1-positive (median 1.05, P ¼ 0.0330) 17 and other B-precursor ALL cell lines (median 1.0, P ¼ 0.0127) 37 by Mann-Whitney analysis. In addition, the RFI of DR5 was higher than 1.4 in all 4 t(17;19)-ALL cell lines, whereas it was p1.3 in 5 of 9 MLL þ , 2 of 6 Ph1-positive, and 8 of 13 other B-precursor ALL cell lines.
Next, the levels of DR4 and DR5 mRNA expression were quantitatively analyzed by real-time RT-PCR. Significant correlations were observed between cell surface expression and gene expression of DR4 (r ¼ 0.517, P ¼ 0.0021) and DR5 (r ¼ 0.35, P ¼ 0.048) (Figure 2d ). In the case of DR4 gene expression, although there were limited statistically significant differences between the t(17;19)-ALL cell lines and other B-precursor ALL cell lines, relatively high levels of transcripts were detected in all four t(17;19)-ALL cell lines (Figure 2e ). In the case of DR5 gene expression, all 4 t(17;19)-ALL cell lines and 18 of 28 other B-precursor ALL cell lines expressed comparable or relatively higher level of transcripts in comparison with Nalm1 cell line, which was a TRAIL-sensitive CML-BC-derived cell line. 17 Induction of DR4 and DR5 and sensitization to antileukemic activity of TRAIL by E2A-HLF As E2A-HLF chimeric transcription factor derived from t(17;19) has an essential role in the leukemogenesis of t(17;19)-ALL, 27, 28 E2A-HLF might be involved in the distinctive gene expression of (1;19) , using a zinc-inducible vector, and studied the induction of DR4 and DR5 gene expression. An obtained clone of 697 cells expressed E2A-HLF at equivalent levels to UOC-B1 cells within 4 h of culture in the presence of zinc (Figure 3a) . Of note, the gene expression levels of DR4 and DR5 in the 697 cells transfected with E2A-HLF were also remarkably upregulated within 4-8 h after the addition of zinc (Figure 3b) suggesting that an influence of cell damage by zinc over DR4 and DR5 gene expression was almost negligible. The basal gene expression level of DR4 was almost above the threshold for cell surface expression (Supplemental Figure 3) . In contrast, the basal gene expression level of DR5 was under the threshold for cell surface expression, but it was upregulated above the threshold for cell surface expression (approximately 40-fold of background) by the addition of zinc (Supplemental Figure 3) . The basal gene expression levels of DR4 and DR5 in the 697 cells transfected with E2A-HLF were almost two-fold and ten-fold higher than those in wild-type 697 cells, respectively, probably due to a leaky expression of E2A-HLF. Consistent with the gene expression, cell surface expression of DR4 and DR5 in the 697 cells transfected with E2A-HLF was significantly upregulated by the addition of zinc (Figures 3c and d) , whereas it was almost unchanged in the wild-type 697 cells. We further analyzed the susceptibility of E2A-HLF-transfected 697 cells to the antileukemic activity of rhsTRAIL. After 24 h preincubation with or without zinc, the cells were cultured for 12 h in the absence or presence of lower concentrations rhsTRAIL (3.3 and 10 ng/ml), and analyzed by Annexin-V/PI staining (Figures 3e and f) . The wild-type 697 cells showed resistance to lower concentrations of rhsTRAIL. In contrast, E2A-HLF sensitized leukemia cells to antileukemic activity of rhsTRAIL, as the viability of the E2A-HLF-transfected 697 cells not preincubated with zinc was decreased from 91.5% to 84.7% and 61.9% by the treatment with rhsTRAIL at 3.3 and 10 ng/ml, respectively, and that preincubated with zinc was further decreased from 85.8% to 72% and 40.6%, respectively.
Transactivation of DR4 and DR5 gene promoters by E2A-HLF To clarify the mechanisms for E2A-HLF-inducing DR4 and DR5 expression, we tested the activity of two types of E2A-HLF mutants ( Figure 4a) ; BX contains substitutions of six critical basic amino acids in the basic region of HLF to abolish DNA-binding ability, whereas DAD1/DLH lacks both E2A transactivation domains to abolish transactivation ability but retain DNA-binding ability. 32, 33 Obtained clones of 697 cells expressed BX and DAD1/DLH mutant proteins in the presence of zinc at nearly equivalent levels as E2A-HLF (Figure 4b ), but the gene expression levels of DR4 and DR5 remained almost unchanged (Figure 4c ), indicating that E2A-HLF upregulates the gene expression of DR4 and DR5, which is dependent on both the DNA-binding and transactivation abilities of E2A-HLF. We next analyzed the promoter activity of the DR4 and DR5 genes. Owing to high structural homology in gene configuration and tight cluster on 8p21-22, the genes encoding DR4 and DR5 are considered to be generated from a common ancestral gene. p53 (refs 39,40) and NF-kB 41, 42 binding sites are commonly identified in the 5 0 end of intron1 of the DR4 and DR5 genes (Figure 4d) , and their involvement in p53-induced and NF-kB-induced DR4 and DR5 expression has been well clarified. [39] [40] [41] [42] [43] In contrast, the basic structures of the 5 0 upstream region of the transcription start site of the DR4 (ref. 43) and DR5 (ref. 38) genes are largely different from each other (Figure 4d ). First, the activity of the 5 0 upstream region of the transcription start site of the DR4 gene (DR4pro) and DR5 gene (DR5pro) (Figure 4d ) was tested by luciferase assay in YCUB-2, one of the t(17;19)-ALL cell lines, and KOPT5, a T-ALL cell line that lacks cell surface expression of DR4 and DR5 (ref. 37) as a negative control. As shown in Figure 4e , PGL3-control, which contains CMV promoter and was served as a marker for transfection efficiency, was active in both YCUB-2 and KOPT5, and both DR4pro and DR5pro were active in YCUB-2 but almost silent in KOPT5. In contrast, the activity of DR4int1 that also contains the 5 0 end of intron1 of the DR4 gene (Figure 4d ) was almost silent in YCUB-2 (Figure 4e ), suggesting that exon1 and/or the 5 0 end of intron1 might contain a negative regulatory region. Although the activity of DR5intl that contains the 5 0 end of intron1 of the DR5 gene (Figure 4d ) was relatively high in comparison with that of DR5pro in YCUB-2 (Figure 4e ), the activity of DR5int1mNF that has a mutation in the NF-kB site of the 5 0 end of intron1 (Figure 4d ) was almost unchanged in comparison with that of DR5intl ( Figure 4e) . Next, considering that E2A-HLF induced both DR4 and DR5 gene expression (Figure 3b) , the involvement of the NF-kB site in the induction of DR4 and DR5 expression by E2A-HLF was tested using proteasome inhibitor LLnL. 17 Although the induction of DR5 gene expression was relatively weak in this experimental setting, real-time RT-PCR analysis demonstrated that the induction of DR4 and DR5 was not affected by LLnL in E2A-HLF-transfected 697 cells (Figure 4f ), suggesting that activation of NF-kB is unlikely to be involved in the E2A-HLF-mediated DR4 and DR5 expression. Finally, we tested the activation of DR4pro and DR5pro by E2A-HLF in 697 cells using transient transfection (Figure 4g ). E2A-HLF activated DR4pro in 697 cells, suggesting that E2A-HLF induces gene expression of DR4 through the 5 0 upstream region of the transcription start site in the DR4 gene in the absence of binding sites for p53 and NF-kB. In contrast, E2A-HLF did not significantly activate DR5pro in 697 cells (Figure 4g ). Considering that E2A-HLF upregulated DR5 expression in 697 cells (Figure 3 ) and that DR5pro was active in YCUB-2 cells (Figure 4e ), the inactivity of DR5pro in 697 cells suggests that the 5 0 upstream region of the transcription start site in the DR5 gene alone was insufficient for effective gene expression of DR5 by exogenously introduced E2A-HLF in 697 cells.
In intron1 of the DR4 (Figure 4h ) and DR5 (Figure 4i ) genes, there were a couple of candidate sequences for the potential E2A-HLF-binding sites with 2-3 bases mismatch to HLF-CS. Thus, we next analyzed the binding of E2A-HLF to these sequences by electrophoretic mobility shift assay. Among these candidate sequences, site b and site d of the DR4 gene showed weak and moderate competition, respectively (Figure 4j ), whereas none of those sites of the DR5 gene showed significant competition (Figure 4k ). These observations suggested that several binding sites for E2A-HLF in intron1 of the DR4 gene might be also involved in the E2A-HLF-medaited DR4 expression in t(17;19)-ALL cells.
DR4 and DR5 gene expression and TRAIL sensitivity in clinical samples and effect of allo-SCT We next analyzed the gene expression of DR4 and DR5 in the primary sample of t(17;19)-ALL patient, whose frozen sample was available. As shown in Figures 5a and b , the gene expression levels of DR4 and DR5 in the patient's leukemia cells (case 1) were as high as those in the t(17;19)-ALL cell lines. We also analyzed the sensitivity of the other patient's sample (case 2) to rhsTRAIL. As shown in Figures 5c and d , although basal viability of the sample in the absence of rhsTRAIL was relatively low (% viability in trypan blue exclusion assay and Annexin-V/PI staining was 58% and 26%, respectively), decreased viability ( Figure 5c ) and induction of apoptotic cell death (Figure 5d ) in the presence of rhsTRAIL were confirmed. Considering the exceptionally long first CR in the t(17;19)-ALL case who underwent allo-SCT early in the first CR 36 and higher sensitivity of t(17;19)-ALL cell lines to the proapoptotic activity of TRAIL, performing allo-SCT in the first CR would be effective for t(17;19)-ALL. Although the incidence of t(17;19)-ALL is o1% of childhood ALL cases, we previously reported that over 20% of childhood ALL cases who presented with hypercalcemia have t (17;19) . 23 Thus, we prospectively performed RT-PCR analysis of E2A-HLF in newly diagnosed ALL patients with hypercalcemia. Among five patients, an 8-year-old boy, whose karyotyping was later confirmed to have t(17;19), had E2A-HLF by RT-PCR analysis. Of note, the patient's leukemia cells demonstrated comparable gene expression levels of DR4 and DR5 (Figures 5a and b, case 3) . On the basis of these results, the patient received unrelated-BMT (u-BMT) in the first CR 7 months after diagnosis with a conditioning regimen consisting of total body irradiation (12 Gy) and melphalan (90 mg/m 2 /dose Â 2 days). The patient has no sign of relapse at 43 months after u-BMT (50 months after diagnosis), and minimal residual disease analyzed by nested RT-PCR for E2A-HLF, in which sensitivity to detect minimal residual disease was 10 À 5 level, was negative in the BM obtained 12 and 18 months after u-BMT.
DISCUSSION
In the present study, we showed that t(17;19)-ALL cell lines are extremely sensitive to the antileukemic activity of rhsTRAIL due to the high levels of DR4 and DR5 expression. High levels of DR4 and DR5 gene expression were also confirmed in samples from patients with t(17;19)-ALL. As E2A-HLF induced gene expression of DR4 and DR5 in 697 cells, which was dependent on the E2A-HLF sensitizes leukemia cells to TRAIL X Zhang et al transactivation and DNA-binding activities of E2A-HLF, E2A-HLF seems to have a central role in the high levels of DR4 and DR5 expression in t(17;19)-ALL cells. To our knowledge, this is the first study to demonstrate that a fusion transcription factor derived from chromosomal translocation induces DR4 and DR5 expression. There are no sequences for the potential binding site of E2A-HLF in the 5 0 upstream regions of the DR4 and DR5 genes, suggesting that E2A-HLF indirectly transactivates the DR4 and DR5 gene promoters. The involvement of p53 and NF-kB binding sites in the DR4 and DR5 genes in tumor-specific expression was reported, [39] [40] [41] [42] but E2A-HLF transactivated at least a fragment of the DR4 gene that lacks the p53 and NF-kB binding sites in the luciferase assay. Moreover, LLnL, an inhibitor of NF-kB, failed to attenuate the induction of DR4 and DR5 gene expression by E2A-HLF in 697 cells. These findings suggest that E2A-HLF indirectly induces the gene expression of DR4 and DR5 through activation of a transcription factor(s) other than p53 and NF-kB. As there were several E2A-HLF-binding sites in intron1 of the DR4 gene, there is a possibility that E2A-HLF also induces the gene expression of DR4 and DR5 cooperatively through the binding sites located outside the adjacent promoter region.
E2A-HLF blocks apoptosis of cells induced by growth factor deprivation [32] [33] [34] and p53 activation, 35 which activate the intrinsic mitochondrial pathway, and, thus, it has a central role in leukemogenesis and might be involved in the poor prognosis of t(17;19)-ALL. In the present study, however, t(17;19)-ALL cell lines the mitochondria-independent extrinsic pathway, 11, 12 TRAIL could bypass the antiapoptotic activities of E2A-HLF against the intrinsic mitochondrial pathway by directly activating downstream effector caspases through the extrinsic pathway ( Figure 6 ).
As it was reported that TRAIL has a role in innate immunity for immune surveillance against tumor development, 4,5 upregulated DR4 and DR5 expression by E2A-HLF might sensitize leukemia cells (or preleukemia cells) to innate immunity, resulting in suppression of leukemia clone expansion. In this scenario, how is induction of DR4 and DR5 involved in the leukemogenesis of t(17;19)-ALL? To explain a paradox that TRAIL-sensitive leukemia evades innate immunity, chemical carcinogen methylcholanthrene (MCA)-induced mouse sarcoma model 44 may be worth noting: neutralization of endogenous TRAIL by the anti-TRAIL antibody promoted development of sarcomas in mice treated with low-dose MCA but not significantly in mice treated with high-dose MCA. In this model, it was noted that high-dose MCA preferentially generated TRAIL-sensitive sarcomas whereas low-dose MCA generated TRAIL-resistant sarcomas, suggesting that endogenous TRAIL-mediated immune surveillance could be overwhelmed by an emergence of high-potential tumors. 44 These findings may be relevant to the paradoxical finding that TRAILsensitive t(17;19)-ALL shows clinically aggressive feature and poor therapeutic outcome in chemotherapy. Moreover, in some studies, 45, 46 TRAIL has potential to stimulate cell growth of tumor cells through DR4 and DR5 in the context of receptor-proximal apoptosis defects such as loss of caspase-8 and overexpression of FLIP. As expression levels of caspase-8 and FLIP in tumor cells were reported to be regulated by interferon-g 47 and interferon-a, 48 respectively, TRAIL might have dual activities to stimulate proliferation and cell death pathways of tumor cells depending on the cellular environment. Thus, E2A-HLF might stimulate proliferation of t(17;19)-ALL cells by the induction of DR4/DR5 expression in a certain context. Alternatively, high sensitivity of t(17;19)-ALL to TRAIL suggests that an enhancement of TRAIL-mediated surveillance by donorderived cytotoxic T cells or natural killer cells after allo-SCT could overcome the poor therapeutic outcome of t(17;19)-ALL. In fact, it was reported that one exceptional t(17;19)-ALL patient receiving allogeneic bone marrow transplantation early in the first CR avoided relapse for 42 months, 36 in contrast to 14 other reported cases treated with chemotherapy alone who relapsed within 24 months from diagnosis. 23 Accordingly, we performed u-BMT in the newly diagnosed t(17;19)-ALL case 7 months after diagnosis, and the patient did not have sign of relapse 43 months after u-BMT with negative minimal residual disease in BM. These observations suggest that the TRAIL-sensitive ALL could be sensitive to the GVL effect in vivo once allogeneic immunity is initiated toward leukemia cells. Moreover, our results indicated that t(17;19)-ALL patients seems to be a candidate for the treatment modality that activates the DR4/DR5 death pathways. Recent results of a phase 1 clinical trials of the humanized agonistic mAbs against DR4 (ref. 49) or DR5 (ref. 50) in patients with solid tumors demonstrated that their administration was well tolerated and showed signs of clinical activity. Therefore, although there is a possibility that humanized anti-DR4/DR5 agonistic mAbs might stimulate growth of t(17;19)-ALL in a certain situation as discussed before, therapy of humanized anti-DR4/DR5 agonistic mAbs would be a good therapeutic modality for overcoming chemoresistance in patients with t(17;19)-ALL. Figure 6 . TRAIL bypasses the antiapoptotic activity of E2A-HLF by dual proapoptotic pathways. E2A-HLF not only blocks apoptosis of leukemia cells induced by mitochondria-dependent intrinsic apoptotic stimuli (growth factor deprivation and p53 activation) but also induces gene expression of DR4 and DR5. TRAIL expressed on cytotoxic T-cells and natural killer cells could induce dual activation of intrinsic and extrinsic apoptotic pathways in leukemia cells by triggering trimerization of DR4 and DR5, and leukemia cells would undergo apoptosis by bypassing the antiapoptotic activity of E2A-HLF.
